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Abstract  
Following reconstructive surgery for a segmental mandibulectomy defect, Ti-6Al-4V (Surgical Grade 5 titanium) fixation hardware is commonly 
used to immobilize a bone graft or bone containing free flap until it heals with adjacent host bone. Thereafter, local stress concentrations and 
more global stress shielding are not unlikely. In some cases, such as mandibular segmental defects, the fixation device may break if it continues 
to carry the majority of the load previously carried by the repaired segment of bone. If bone grafted into the mandible receives insufficient stress, 
it is possible to see a loss of chewing power, failure of the bone to remodel (strengthen) and/or its resorption, and the failure of dental implants 
placed in the grafted bone. In this study we investigate porous nitinol (NiTi) as a substitute for Ti-6Al-4V skeletal fixation devices. Porosity can 
be introduced into the design to reduce, in effect to tune, the stiffness of 3D printed nitinol fixation devices. The tuned, or stiffness-matched, 
nitinol device must have sufficient stiffness for fixation during a 6-9 month healing period and sufficient flexibility to recreate normal stress 
distribution once the bone is healed. We compare finite element models of fixation hardware fabricated from Ti-6Al-4V and stiffness-matched 
nitinol. Our results suggest that stiffness-matched nitinol hardware is more likely to recreate normal stress-strain trajectories in a reconstructed 
mandibular segmental defect than a Ti-6Al-4V fixation device. This outcome bodes well for surgical reconstruction of skeletal elements in 
general, and specifically reconstruction of mandibular segmental defects where therapeutic goals include restoration of the chewing, speaking, 
swallowing, and breathing functions supported by the mandible. 
 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The current standard of care for segmental mandibulectomy 
defect reconstruction resulting from cancer resection or 
traumatic damage is a vascularized bone free flap which is held 
in place permanently by one or more Surgical Grade 5 (Ti-6Al-
4V) fixation devices. While the iliac crest presents cortical bone 
geometry more like the mandible, fibular flaps are currently 
preferred because of the reduced risk of donor site morbidity 
and greater ease of performing flap removal osteotomies [1-3]. 
Due to the high stiffness of Ti-6Al-4V fixation hardware, much 
of the chewing load is borne by the hardware. Following 
reconstruction, a dramatic loss of chewing power is observed 
which can result in the failure of remodeling and strengthening, 
which elevates the risk of both graft resorption and the failure 
of dental implants placed in the transplanted bone [4, 5]. In 
addition, stress concentration at the fixation hardware, 
especially the affixing screws, may eventually result in screw 
pullout, hardware failure, and possibly graft failure [3, 6]. In 
order to reduce stress concentration following healing of the 
transferred bone, some studies have considered off-label 
combinations of resorbable screws and Ti-6Al-4V plates [7, 8]. 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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However, it is not unlikely that that strategy would lead to 
revision surgery to remove a free-floating fixation plate. 
Current Ti-6Al-4V fixation hardware that is used throughout 
the body provides immobilization following trauma or 
reconstructive surgery so that the bone segments can heal [3, 9, 
10]. Healing can be monitored radiologically to determine 
when removal is safe; however, clinical union usually precedes 
radiographic union by weeks to months. While it would reduce 
stress concentrations and stress shielding as well as the risk of 
infection, in most cases, Ti-6Al-4V fixation hardware is not 
removed following the healing period [11]. The design of most 
of these devices has evolved into a form that both immobilizes 
and carries the least risk if it is not removed. However, rarely 
do these fixation devices permit normal stress-strain trajectories 
to recur once healing has occurred. 
In order to reduce the risk of implant failure, it may be 
possible to create a compromise between the needs of healing 
fixation and subsequent musculoskeletal function. Initially, 
sufficient strength is needed for complete immobilization that 
allows healthy and full union of remaining and transferred bone 
followed by gradual stress distribution from the hardware to the 
newly fused bone in a normal pattern as the patient attempts full 
function (e.g., full power chewing) [12, 13]. There are two 
important factors which affect bone healing: I) Only 
compressive stress should be created at the interface between 
grafted and host mandibular bone to accelerate healing. II) The 
size of the gap between the graft and host mandible should 
never exceed 200-300 micron to insure that this interface fuses 
strongly and assures bone healing [14, 15]. 
A titanium alloy other than Ti-6Al-4V may offer promise. 
Solid nitinol (NiTi) is currently used in the clinic for 
orthodontic braces and intravascular stent devices [16-20]. The 
use of solid NiTi reduces stiffness over solid Ti-6Al-4V by 
almost two thirds (roughly 38.5 GPa versus 110 GPa, 
respectively). Moreover, porous NiTi is a superelastic material 
that offers the possibility of impact attenuation as well as 
lowering stiffness and biocompatibility [21]. The stiffness of 
the cortical (outer shell) region of the mandible is in the range 
of 17.6-31.2 GPa [12]. If useful, the stiffness of nitinol (NiTi) 
can be reduced to, or below the level of, cortical bone found 
anywhere in the skeleton through the introduction of porosity 
during alloying or topologically (i.e., the geometry of the 
device) during implant design and 3D printing fabrication. [13]. 
In this study we explore the use of reduced-stiffness, porous 
nitinol fixation hardware as a substitute for traditional solid Ti-
6Al-4V fixation hardware. Not only do we expect that stress 
concentration will be reduced in nitinol fixation plates and 
screws, but also that more of the stress will be transferred to the 
graft once the patient is ready to chew forcefully and the grafted 
bone contains dental implants. We expect that allowing the 
grafted bone to undergo more force will facilitate its remodeling 
and strengthening (as opposed to resorption). That process is 
expected to improve chewing muscle power, all of which is 
expected to provide a healthier, long-term reconstruction that 
is, hopefully, more resistant to failure. In this experiment we 
wish to determine if the distance of any gap that would occur 
between the surfaces of the remaining host mandible and the 
grafted bone during chewing can be kept to no more than 200-
300 microns prior to clinical union. Then, we explore the 
possibility of matching the stiffness of nitinol fixation hardware 
to the needs of a particular patient by adjusting the level and 
morphology of 3D printed porosity. 
2. Mandibular Segmental Defect Finite Element Model 
We previously reported on the construction of the FEA that 
is used in this study [3] to compare what happens with fixation 
hardware of different materials (i.e., Ti-6Al-4V and NiTi) but 
not different geometries. That paper describes how we obtained 
the computer visualized model of a normal mandible (i.e., 
healthy adult female) that was created from CT scan data. CT 
data was then used as a guide to create the periodontal ligament. 
Dentin layers within the teeth were also simulated. Finally, the 
temporomandibular joint surface on the head of the mandible 
was also simulated in that earlier study. 
Table 1. Material properties of the Finite Element Model components. (Unit: 
Megapascal [MPa]). 
Components Stiffness (MPa) Poisson’s ratio 
Porous Nitinol 24,400 0.30 
Ti-6Al-4V 112,000   0.30 
Cortical mandible 24,400 0.30 
Cancellous mandible   3,000 0.30 
Teeth 18,600 0.31 
Periodontal ligament 69 0.45 
Cortical fibular graft 26,800 0.30 
Cancellous fibular graft 1,650 0.30 
 
In this study a segment of the left half of the mandible 
bearing M1-3 has been virtually resected. The length of this 
segment is 40 mm. A double barrel fibular flap and metallic 
fixation plates and screws are also simulated using SolidWorks 
(Dassault Systèmes, Waltham, MA). The double barrel fibular 
graft is constituted by virtually cutting an initially single piece 
of bone resected from the fibula. The two pieces are placed 
together in order to provide a total mesiodistal length of 40 mm, 
a buccolingual width of 14 mm, and a height of 38 mm. A 
single fixation plate is used to attach and immobilize the 
simulated lower fibular barrel graft along the inferior margin of 
the defect. That fixation plate is virtually bent so that it contacts 
both the host and graft bone surfaces, thereby immobilizing the 
graft.  This fixation plate (Figure 1) has 9 threaded holes, a 
buccolingual thickness of 1.5 mm, a mesiodistal length of 78 
mm, and a superoinferior width of 4 mm [22]. One screw is 
inserted on each side of the mandible/graft junction both at the 
mesial and distal fibular graft/host mandible junctions. 
Bicortical screws with a diameter of 1.4 mm were simulated to 
fasten this inferior fixation plate. The superior fibular barrel 
graft is immobilized with two mini-plates which were created 
and bent graphically to be in contact (no gap) with both the 
graft and the host mandible (i.e., as little gap as possible). These 
plates are located immediately superior to the lower fibular 
barrel graft. Each mini-plate has dimensions of 18 mm x 2.8 
mm x 1 mm with 3 threaded holes [22]. Unicortical screws with 
a diameter of 1.4 mm are simulated for the purpose of fastening 
these two mini-plates [22]. All the components were assembled 
and imported to ABAQUS (Dassault Systèmes, Waltham, MA) 
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for Finite Element Analysis during mastication at the right M1. 
The intersections between the teeth, periodontal ligament, and 
mandible appress completely (i.e., no gaps). A 4-node linear 
tetrahedral mesh is used. The number of nodes in the mesh 
representing the reconstructed mandible, both fibular barrel 
grafts, fixation hardware, and fixation screws is 323,630 and 
the number of elements is 1,536,782. All Material property data 
in our model components are from studies by Taheri et al., 
Shetty et al., and Nagasao et al. as shown in Table 1 [12, 23, 
24]. 
We simulated boundary conditions of maximum occlusion 
at the right M1. The effect of the articular disc is ignored in this 
study and 24 nodes on the outer cortical surface of each 
mandibular condyle have been constrained to prevent 
movement in all directions. Seven nodes of bite contact on the 
buccal cusps of the right M1 are restrained from movement in 
all directions away from centric occlusion, simulating the 
highest bite force during chewing. The total reaction force at 
the 7 bite nodes was confirmed to be 507.4 N which shows a 
3% difference with Korioth et al. [25]. This discrepancy may 
be due to differences in mandibular shape, our inclusion of the 
periodontal ligament, and/or minor differences in the muscle 
attachment sites. Table 2 presents all muscle forces and 
directions pertaining to a bite force of 526 N at the right first 
molar during maximum occlusal force [25]. However, since it 
is known that chewing power decreases after mandibular 
reconstruction, all values in our simulations are 60% of the 
average value expected for healthy adults [22]. The baseline 
muscle forces were obtained from Korioth et al. and the area of 
muscle attachment were obtained from Van Eijden et al. [26]. 
The area of muscle attachment that they provide is from 
reported anatomical data [27]. 
Table 2. Muscle forces, direction, and magnitude. The X vector direction 
(right-left) is normal to the sagittal plane with the positive direction pointing 
toward the left side of the mandible. The Y vector direction (superoinferior) is 
normal to the occlusal plane with the positive direction pointing superiorly. The 
Z vector direction (anteroposterior) is orthogonal to the remaining two 
orthogonal axes. (Unit: N = Newton, WS = working side, BS = balancing side, 











Masseter Superficial 137.09 114.24 -0.21i+0.10j+0.42k 10.31±1.41 
 Deep 58.75 48.96   
Pterygoid Medial 146.83 104.88 +0.49i+0.79j+0.37k 6.00±1.24 
Temporalis Anterior 115.34 91.64 -0.15i+0.99j+0.04k 13.25±3.3 
 Middle 64.00 64.05   
 Posterior 44.60 29.48   
*WS: Working Side. **BS: Balancing Side. 
3. Results 
3.1. Stress concentration and stress shielding (von Mises 
stress distribution): 
One clinical complication associated with highly stiff Ti-
6Al-4V fixation hardware is the loosening of screws and 
breaking of plates due to stress concentration in those portions 
of fixation devices [14]. In Figure 1A we see the von Mises 
stress distribution in a mandibular segmental defect 
reconstructed with Ti-6Al-4V fixation hardware and a double 
barrel fibular graft. In Figure 1B we see the same 
reconstruction using nitinol fixation hardware. It can be seen 
that the von Mises stress has been reduced in the stiffness-
matched nitinol fixation devices and increased in the grafted 
bone. The maximum stress is reduced for nitinol fixation 
devices as compared to Ti-6Al-4V fixation devices by factors 
of 1.5, 2.95, 2.16, and 3.24 for the inferior fixation plate and 
screws, superodistal fixation plate and screws, superomesial 
fixation plate and screws, respectively.  
 
 
Fig. 1. Von Mises stress distribution after bone is healed for: A) reconstructed 
mandible using Ti-6Al-4V fixation hardware and screws, and B) reconstructed 
mandible using porous nitinol fixation hardware and screws. The reduced stress 
seen by the superomesial and inferior fixation devices is consistent with re-
establishing a normal superodistal to inferomesial stress-strain trajectory 
following reconstruction. (Unit: MPa). 
The porous nitinol hardware presents its highest stress 
concentration in the inferior fixation plate. It is 30.28 MPa. We 
note that this nitinol fixation hardware should be able to tolerate 
this amount of stress, which will occur during peak centric 
occlusal (chewing) force, and thereby maintain sufficient 
immobilization throughout the healing period. Studies have 
shown that in the austenite phase, solid nitinol has a yield 
strength of 200-800 MPa [28]. Generally, incorporating 
porosity further reduces the strength of the material [12]. Li et 
al. have shown the effect of porosity on compressive strength 
of NiTi SMAs (Shape Memory Alloys) (see Figure 2) [29]. 
Since we have incorporated a porosity of 53%, the compressive 
strength of the material in our fixation hardware would reach a 
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level of 225 MPa. In this simulation the maximum stress on this 
hardware would reach 30.28 MPa. Therefore, we can expect 
that it would not fail.  
There are many benefits to patient-specific, stiffness-
matched fixation devices. The high stress concentration in Ti-
6Al-4V fixation plates and screws prevents loading of the 
grafted bone, thereby stress shielding both the grafted bone and 
the surrounding host bone. Not having enough stress in the 
graft region can prevent remodelling of the grafted bone’s 
cortical region, which will prevent re-establishing normal 
Fig 2. Effect of incorporating porosity into NiTi. 
 
stress-strain trajectories.  Stress shielding is also likely to lead 
to long-term resorption, and/or dental implant failure (note: the 
addition of dental implants to the graft is not modelled here) 
[30]. The reduced stress can be seen graphically in Figure 1 at 
the fixation devices. The porous nitinol material transfers more 
of the load to the graft, especially inferiorly. Channelling 
higher levels of stress to the graft is likely to increase 
remodelling activity of the grafted bone, reduce the risk of graft 
resorption and dental implant failure, and all of these are likely 
to improve the restoration of chewing power and overall long 
term oral health. 
 
Fig. 3. Effect of incorporating porosity into NiTi SMA (Shape Memory alloy) 
[29]. 
3.2. Fatigue life of stiffness tuned hardware: 
Our device is expected to tolerate the highest stress during peak 
chewing and do so repeatedly until the bone is healed. Once the 
bone is healed it will continue to pick up more load as it is 
remodelled and as the muscles gain strength in generating the 
load that the remodelling bone can bear in response to normal 
chewing demands. As shown in Figure 3, the number of cycles 
sustained until the stiffness-matched nitinol fixation hardware 
fails can be estimated by calculating ıa. Since ıa = 15.14 MPa, 
in our nitinol fixation hardware, it is fully austenite at body 
temperature. Therefore it can be claimed that the fatigue life is 
indefinite, especially over the 3-4 months needed before 
significant bone strengthening starts to occur.  
 
Fig 4. Deformation map for the graft/mandible junction immediately after 
reconstructive surgery for a) a mandible reconstruction using Ti-6Al-4V 
fixation devices, and b) and a mandible reconstruction using porous nitinol 
fixation devices. The maximum chewing force is reduced 60% in both cases. 
The gap at the graft/host interface during maximum right first molar occlusion 
is visualized. The deformation seen at this gap is less than 200-300 Pm in both 
cases. The increased level of superodistal to inferomesial deformation in (b) is 
consistent with re-establishment of normal stress-strain trajectories. (Unit: 
millimeter) 
3.3. Maximum chewing displacement at the graft/host is small 
enough not to interrupt healing: 
Another purpose of using fixation hardware is to immobilize 
the graft/host bone interface such that the gap does not exceed 
200-300 microns during the most strenuous chewing. If that 
cannot be achieved, direct bone healing may occur but it will 
be less reliable [14]. Although it is shown in figure 4 that the 
gap is increased with porous nitinol fixation hardware, the 
maximum value remains below 200-300 μm, therefore bone 
healing continues to be assured. 
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3.4. Stiffness-matched porous nitinol fixation devices 
The designed porosity of 3D printed nitinol fixation devices 
can be tuned to result in a device with the required level of 
stiffness. We have designed unit cells of porous nitinol with 3 
perpendicular bars, a geometry that is relevant to mandibular 
fixation hardware. The porosity was adjusted by changing the 
diameter of each bar [31-33]. 
In Figure 5, the simulation data shows the effect of adding 
engineered porosity on stiffness. In order to validate our 
computer simulation results (i.e., adding porosity to reduce 
stiffness), we fabricated 3 of each type of porous nitinol parts 
with porosities of 32%,  45%,  58% as well as 3 solid nitinol 
parts with the same dimensions (Figure 6) [34-36]. The 
experiment’s results, shown as blue triangles in Figure 5, 
confirmed the computer-based simulation results. We are 
therefore able to predict the required porosity of nitinol to reach 
the desired level of stiffness. Furthermore, we have 
demonstrated that by adding a porosity of 53% it is possible to 
achieve stiffness similar to that of cortical bone (20 GPa) [36]. 
Figure 5. Effect of increasing porosity on nitinol stiffness. Simulation and 
experimental data showing modulus versus porosity of nitinol fixation 
hardware with fixed geometry. The simulation was verified by using additive 
manufacturing to render and mechanically test three levels of porosity. (Unit: 
Gigapascal or GPa) 




Ti-6Al-4V is the current standard of care bone flap fixation 
hardware material for craniofacial reconstruction. These 
devices are often attached to a double barrel fibular flap to 
repair mandibular segmental defects. The high stiffness of this 
fixation hardware both prevents the load generated during 
chewing from traveling through the reconstructed mandible in 
the same trajectory as in a normal mandible and concentrates 
stress at specific locations in the fixation plates and screws.  As 
mentioned, we are not aware of other experiments that have 
attempted to optimize the stiffness and/or geometry of fixation 
devices to initially immobilize reconstructed bone during post-
operative healing and then subsequently restore the normal 
stress-strain trajectories of that bone during normal use, an 
approach we call “stiffness matching”. 
As long as it is possible to maintain sufficient 
immobilization during the post-operative healing period, we 
wish to insure that the graft/host gap does not exceed 200-300 
micron under maximum chewing loads. In this way, we can 
expect that initially bone healing, and subsequently bone and 
chewing muscle strengthening, will be optimized by the same 
fixation device. The increased load on the graft would drive 
remodelling of the cortical portion of the grafted bone, 
especially by fusing the region between two fibular barrel 
grafts. That would result in a single outer cortical shell with 
optimal location of thickening (i.e., struts) that is better capable 
of carrying the normal load, especially after dental implants are 
placed in the grafted bone (not modelled here). This situation 
would also facilitate a maximum increase in power during 
chewing as the reconstructed bone strengthened. Finally, the 
overall long term stability of the reconstruction, rather than its 
failure or resorption, would be enhanced. 
We expect that the use of stiffness-matched porous nitinol 
as a substitute for Ti-6Al-4V can reduce stiffness over both Ti-
6Al-4V and bulk (i.e., dense or solid) nitinol fixation devices. 
Based on our simulation studies, the level of porosity needed 
for a particular stiffness can be predicted. While we have only 
studied standard fixation locations and fixation device 
geometries here, this approach is likely to be useful when 
looking at new fixation device geometries and a new range of 
stiffness-matching material properties that can be used to bring 
about stable, healthy surgical reconstruction of the mandibular 
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